The aim of this work was to develop a simple and fast method for the detection of paraquat in oral fluid, plasma, and urine by capillary electrophoresis with diode-array detection (CE-DAD), to diagnose of acute poisoning related to this herbicide. The use of oral fluid in analytical toxicology has been established for drugs of abuse, but not for diagnosis of pesticides poisoning. Oral fluid was collected without stimulation using absorbent cotton swabs. Sample preparation included diluting, vortex mixing, and centrifuging of biological fluid, using ethyl paraquat as internal standard. CE-DAD analyses were performed in a fused-silica capillary, and separation was performed under constant voltage condition of 21 kV, with detection at 195 nm. The electrolyte was a 40 mmol/L phosphate buffer at pH 2.50. The proposed method provided a fast and simple assay for the determination of paraquat in human oral fluid, plasma, and urine. To our knowledge, this is the first mention of use of oral fluid as a biological fluid diagnosis of quaternary ammonium herbicide poisoning. After validation, the method was applied to two cases of acute poisoning by this herbicide.
Introduction
Paraquat (PQ) is a quaternary ammonium compound used as non-selective contact herbicide, used as desiccant and defoliant for the control of weeds and grasses growing in fruit orchards. This substance has a good occupational safety record (occupational injuries are associated with skin and eye irritation), but presents a high mortality index after intentional exposure (1, 2) .
The primary route of exposure to paraquat is ingestion, although in rare occurrences, inhalation and dermal exposure has caused toxic effects (3) . After absorption, the compound primarily accumulates in lungs, resulting in acute pulmonary distress, but it also has drastic effects on the gastrointestinal tract, kidneys, liver, and heart. Intentional or accidental ingestion is frequently fatal, as a result of multiorgan failure. Ingestion of large amounts is considered to be uniformly fatal, resulting in death from multiple organ failure and cardiogenic shock (1) (2) (3) (4) . After ingestion of small quantities, paraquat is specially taken up into lungs, causing its accumulation. Subsequent redox cycling and free radical generation triggers a neutrophile-mediated inflammatory response in the lungs, which initiates an irreversible fibrotic process that kills the majority of patients within several weeks (1) .
The plasma paraquat concentration seems likely to be the most useful marker of exposure and severity. Proudfoot et al. (5) and Hart et al. (6) produced nomograms of survival probability, which is related to the outcome of the plasma paraquat concentration on admission and the time from ingestion to blood collection. Patients whose plasma paraquat levels are less than 2.0, 0.6, 0.3, 0.16, and 0.1 mg/L at 4, 6, 10, 16, and 24 h, respectively, are likely to survive. Plasma levels exceeding 2 mg/L are likely to be fatal in most cases (1, 7) . Besides blood and derivatives, urine is another biological fluid cited as a sample for paraquat exposure analysis (2, 3, 8) .
Oral fluid (OF) is a well-known sample for use in addiction drug poisoning and medicine diagnosis (9) (10) (11) (12) (13) (14) (15) (16) . Among the advantages of using this feature can easily emphasize the ease of collecting material as well as its handling, which are important points in the technical operation of this type of examination, and that it is not invasive, which can be performed under observation with no embarrassment for the patient. Furthermore, this fluid allows to establish correlation with plasma concentrations of a toxicant, allowing, for instance, its use in pharmacokinetic studies (14, 17) and on-site forensic investi-gation of driving under the influence of psychoactive substances (13) .
Even with these useful characteristics for analytical toxicology, studies that use this biological fluid for evaluating the exposure to pesticides were not found in the literature review.
In the last decade, the most cited techniques for analysis of paraquat in biological samples were gas chromatography-mass spectrometry (GC-MS) (2, 18) , high-performance liquid chromatography with ultraviolet detection (HPLC-UV) (19) (20) (21) (22) (23) (24) , and liquid chromatography with mass spectrometric detection (LC-MS-MS) (3, (25) (26) (27) . Capillary electrophoresis (CE) is another technique used for the analysis of quaternary ammonium herbicides. In the last 10 years, most of the published CE papers on the subject concerns the investigation of paraquat in water (28) (29) (30) (31) , although Vinner and co-workers (8) used CE for investigation of paraquat in biological samples (serum and urine). Table I depicts a literature review on paraquat analysis in biological matrices.
The aim of this work was to develop a simple method for the detection of paraquat in OF, plasma, and urine by CE with diode-array detection (DAD), and to diagnosis of acute poisoning related to this herbicide. * Abbreviations: NA, not available; LOD, limit of detection; LOQ, limit of quantification; GC-MS, gas chromatography-mass spectrometry; HPLC-UV, high-performance liquid chromatography with ultraviolet detection; LC-MS-MS, liquid chromatography-tandem mass spectrometry; CE-DAD, capillary electrophoresis with diode-array detector; CE-UV, capillary electrophoresis with ultraviolet detection; SPE, solid-phase extraction; LLE, liquid-liquid extraction; MASE, microwave-assisted solvent extraction; IS, internal standard; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; and (MPP+), 1-methyl-4-phenylpyridinium ion.
Materials and Methods

Reagents and chemicals
Paraquat dichloride (1,1'-dimethyl-4,4'-bipyridinium dichloride hydrate), diquat dibromide monohydrate (1,1'-ethylene-2,2'-bipyridylium dibromide monohydrate), and ethyl paraquat dibromide (1,1'-diethyl-4,4'-bipyridinium dibromide) (used as internal standard, IS) were purchased from Aldrich Chemical (Milwaukee, WI). Figure 1 depicts molecular structures of the three substances. Phosphoric acid and formic acid (99.7%) were purchased from Merck (Darmstadt, Germany). Water was purified in a Milli-Q water system (Millipore, Billerica, MA).
Standard solutions preparation
Stock solutions of paraquat, diquat, and ethyl paraquat were prepared separately by dissolving an appropriate amount of each compound in ultrapure water in order to achieve a concentration of 1000 µg/mL. All stock solutions were stored at -5°C. Working standard solutions were prepared by serial dilution of the stock standard solutions with ultrapure water.
Instrumentation
Experiments were carried out on a capillary electrophoresis system model HP 3D CE (Agilent Technologies, Palo Alto, CA), equipped with on-column DAD. Fused-silica capillaries with 75 µm i.d. × 48.5 cm total length (40 cm effective length) were used and maintained at 21°C during instrument operation. New capillaries were pretreated with 1 mol/L NaOH solution (30 min), followed by deionized water (20 min). At the beginning of the day, the capillary was conditioned with 1 mol/L NaOH for 5 min, followed by deionized water for 5 min, and then running electrolyte. In between the electrophoretic runs, the capillary was rinsed with running electrolyte for 3 min. The running electrolyte consisted of a 40 mmol/L phosphate buffer at pH 2.50. Samples were introduced onto the capillary via hydrodynamic injection by applying 50 mbar/10 s. Analyses were conducted under normal polarity (+21 kV) and direct UV detection (λ = 195 nm). The instrument was computer controlled using the HP ChemStation software, version A.08.03, supplied by the manufacturer.
Sample preparation
All biological samples (OF, plasma, and urine) were collected in the hospital during the patient admission. OF was collected using absorbent cotton swabs without stimulation. Venous blood samples were collected in single-use vacuum tubes with EDTA anticoagulant. Plasma was separated with centrifugation (5000 rpm for 5 min at room temperature). Samples were stored at -20°C until analysis.
Exactly 200 µL of the biological sample (OF, plasma, or urine) was transferred into a 2-mL conical polypropylene tube containing 50 µL of 250 µg/mL ethyl paraquat (IS)
Method validation procedures
The method was validated according to the international guidelines for forensic toxicology (32, 33) . For the analytical curve, blank samples of each biological fluid (collected from laboratory staff) were fortified with paraquat at concentrations ranging from 0.1 to 35 µg/mL (OF and plasma) and from 1 to 150 µg/mL (urine) and processed according to the sample preparation procedure described. Peak-area ratios against concentration were used as analytical curves, and their statistical parameters were established by least-squares regression procedure.
Recovery values were determined by fortifying blank samples extracts at three concentration levels (0.1, 5, and 35 µg/mL for OF and plasma and 10, 50, and 150 µg/mL for urine) and comparing with corresponding concentration standard solutions. To evaluate the precision, three replicate biological samples were fortified with paraquat at three concentration levels (same used in recovery study).
Results and Discussion
Even with the wide use of paraquat in agriculture, occupational injuries are rare and limited to skin, eye, and mucosa irritation. However, most cases of acute poisoning are due to the deliberate ingestion of this herbicide in accidental, suicidal, and homicidal situations (1, 2) .
GC analysis of quaternary ammonium herbicides in biological samples is especially difficult because of their high polarity and low volatility. In this technique, chemical reduction of paraquat (typically using NaBH 4 ) is necessary in order to obtain more volatile compounds for the GC analysis (2, 18) . Chemical reduction is also useful to increase the recovery in liquid-liquid (18, 24) and solid-phase (2) extraction procedures.
The high polarity of paraquat is also a pitfall for LC analysis. This compound and its analogues present low retention in C 18 reversed-phase columns, making necessary the addition of ion-pairing reagents such as sodium octanesulfonic acid, heptafluorobutyric acid (HFBA), and pentafluoropropionic acid (PFPA) to the mobile phase (3, 20, 21, 26, 27) . On one hand, the addition of these reagents improves chromatographic performance (retention of the herbicide in column); on the other hand, it decreases the sensitivity of the methods based in MS detection (e.g., LC-MS) because ion-pairing reagents have the effect of suppressing the formation of ions in electrospray ionization (3, 34) .
In CE, the high polarity of quaternary ammonium herbicides is not of concern, once the separation is not based on nonpolar interactions. These substances (incluing paraquat) are completely ionized in a wide pH range, exhibiting inherent electrophoretic mobility.
The low pH selected in this study (pH 2.5) provided good repeatability of migration times because the analyte apparent mobilities are not affected by the electroosmotic flow.
Another important advantage that the choice of low pH offered to the analysis is selectivity because in this region, possible interference of acidic or neutral characteristics such as phenoxyacetic herbicides or carbamates and organophosphate pesticides would present negative mobility or simply would not present electrophoretic mobility at all.
The selected IS, ethyl paraquat, was adequate for this study because of its great structural and physicochemical similarity to the analyte.
The herbicide diquat, analyzed as a possible interferant, presented different electrophoretic mobility and baseline separation from paraquat and IS, and can be differentiated from them by the relative migration time (0.845 PQ and 0.862 DQ) and DAD spectrum. Endogenous interferences were not detected in analyzed blank samples of OF, plasma, and urine. Figure 2 presents an electropherogram of blank OF fortified with paraquat and ethyl paraquat.
In the present work, sample preparation was practically the same for urine, plasma, and OF and was based in dilution, vortex mixing, and centrifugation without the use of any organic solvent (and consequent disposal of contaminated solvent). Extraction steps involving the analyte chemical reduction were also not necessary, simplifying the overall procedure and reducing analysis time.
The mean electrophoretic or chromatographic running time reported in the literature (presented in Table I ) was 16.5 min, whereas in the present work, the electrophoretic separation was performed in less than 2.5 min. Long extraction procedures, often with many, time-consuming steps, were also observed in the reviewed literature. The reduced sample preparation time is valuable in emergency situations.
The proposed method showed adequate linearity (r ≥ 0.98), using the concentration of the paraquat in the biological matrices (in µg/mL) as independent variable and its area ratio as dependent variable.
The proposed method intraday precision and accuracy were established by analyzing fortified plasma, OF, and urine blank samples at three concentrations (0.1, 5, and 35 µg/mL for OF and plasma and 10, 50, and 150 µg/mL for urine) with triplicate determination at each level. Data are organized in Table II . Precisions better than 7.2% RSD, and recoveries in the range from 83 to 109% were achieved. Limits of detection (LOD) and quantification (LOQ) were calculated as the concentrations that provided signal-tonoise ratios greater than 3 and 10, respectively. According to the literature (5, 6, 19) , in order to assess whether the patient will survive after poisoning, the lower LOD of the blood concentration of paraquat should be 0.1 µg/mL or less. Following this recommendation, it can be stated that the proposed method can be used to evaluate patients poisoned by the herbicide, because the LOD and LOQ were 0.05 and 0.1 µg/mL, respectively, for plasma and OF. Finally, the major disadvantage of CE, the lack of sensitivity, did not limit this work because the LOD and LOQ were sufficient for the proposed application.
Case Histories Case 1
A 25-year-old man was admitted into the intensive care service after a deliberate ingestion of 100 mL of Gramoxone (paraquat 200 g/L) in front of his brother in a suicide attempt. The ingested quantity was about 20 g of the herbicide. During the trip to the hospital, the patient vomited several times. Two hours after ingestion, the patient was treated with a gastric lavage, activated charcoal, and imunossupressor therapy. Two urine, blood, and OF samples were collected, the first at admission, 4 h after ingestion, and the second 24 h after ingestion. The second samples of urine and blood were difficult to collect because of the renal failure and "thick" blood. OF was easily collected without patient stimulation.
Samples were analyzed with the validated and proposed method. The first urine required a 1:10 dilution. The concentration of paraquat measured in this urine sample was 1256 µg/mL. The second urine sample showed 105 µg/mL of herbicide. The concentrations obtained in plasma were 24.5 and 7.3 µg/mL and in OF were 26.2 and 9.6 µg/mL, 4 and 24 h after ingestion, respectively. All samples were also analyzed with spectrophotometric dithionite method (4, 35) , and the results were in good agreement, as shown in Table III . The results were applied in Hart and co-workers' nomogram, and the probability of survival of the patient was less than 1%. The patient died 25 h after admission.
Case 2
A 40-year-old man was found in coma with a bottle of vodka next to his body. The patient had oropharyngeal ulceration and corrosion, nasal mucosa corrosion, diarrhea, and vomiting. He was admitted into the intensive care unit with suspected poisoning by pesticides in suicide attempt. The acetyl cholinesterase was determinate in the whole blood and its level was found normal. Thin-layer chromatography pesticide screening (carbamates, organophospates, and organochlorines) was performed in urine and plasma, showing negative results. The dithionite color test in the urine was positive, which indicated possible paraquat poisoning.
The CE proposed method was applied to OF, urine, and blood samples collected at 12, 24, and 48 h after the patient admission in the intensive care unit.
The first urine sample (12 h) required a 1:5 dilution. The level measured in this urine sample was 355 µg/mL for PQ. The second and third urine samples showed 10.3 µg/mL and below LOD, respectively. The concentrations obtained in the plasma were 4.1 (12 h) and 0.3 µg/mL (24 h), and for OF samples, the concentrations obtained were 3.5 (12 h) and 0.9 µg/mL (24 h). For both plasma and OF samples, no peak was detected in last collected samples. All samples were also analyzed with the spectrophotometric dithionite method (4, 35) , and the results showed a good correlation (Table III) . The results were applied in Hart and co-workers' nomogram, and the probability of survival of the patient was less than 10%. The patient died 3 days after admission. Figure 3 depicts the comparison of paraquat concentrations in OF and plasma in both reported cases.
Conclusions
The proposed method provided a fast and simple assay for the determination of paraquat in human OF, plasma, and urine. To our knowledge, this is the first mention of use of OF as a biological fluid diagnosis of quaternary ammonium herbicide poisoning. The procedure has also been successfully applied to two fatal cases involving paraquat poisoning. Both cases have shown close concentrations between OF and plasma, although more samples should be analyzed to confirm this possible correlation between the biological fluids concentration. 
